EXECUTIVE SUMMARY
The model-based assessments of nominal Sludge Batch 4 (SB4) compositions suggest that a viable frit candidate does not appear to be a limiting factor as the Closure Business Unit (CBU) considers various tank blending options and/or washing strategies. This statement is based solely on the projected operating windows derived from model predictions and does not include assessments of SO 4 solubility or melt rate issues. The viable frit candidates covered a range of Na 2 O concentrations (from 8% to 13% -including Frit 418 and Frit 320) using a "sliding Na 2 O scale" concept (i.e., 1% increase in Na 2 O being balanced by a 1% reduction in SiO 2 ) which effectively balances the alkali content of the incoming sludge with that in the frit to maintain and/or increase the projected operating window size while potentially leading to improved melt rate and/or waste loadings. This strategy or approach allows alternative tank blending strategies and/or different washing scenarios to be considered and accounted for in an effective manner without wholesale changes to the frit composition.
In terms of projected operating windows, in general, the sludge / frit systems evaluated resulted in waste loading intervals from 25 to the mid-40%'s or even the mid-50%'s. The results suggest that a single frit could be selected for use with all 20 options which indicates some degree of frit robustness with respect to sludge compositional variation. In fact, use of Frit 418 or Frit 320 (the "cornerstone" frits given previous processing experience in the Defense Waste Processing Facility (DWPF)) are plausible for most (if not all) options being considered. However, the frit selection process also needs to consider potential processing issues such as melt rate. Based on historical trends between melt rate and total alkali content, one may elect to use the frit with the highest alkali content that still yields an acceptable operating window. However, other constraints may restrict access to higher waste loading or the proposed blending option being considered (e.g., sulfate content of the high-level waste and/or Chemical Processing Cell (CPC) issues may necessitate a more-washed sludge). 
LIST OF TABLES

INTRODUCTION
The Defense Waste Processing Facility (DWPF) is currently processing Sludge Batch 3 (SB3) as a "sludge-only" composition by combining SB3 with Frit 418, melting the slurry mix of sludge and frit, and pouring the molten glass in stainless steel canisters to create the final waste form for this high-level waste at the Savannah River Site (SRS). In preparation for the qualification and receipt of the next sludge batch, Sludge Batch 4 (SB4), development and definition of the baseline flowsheet have been initiated (Lilliston 2005) . Various tank blending strategies are being contemplated for SB4 in an effort to meet critical Closure Business Unit (CBU) objectives including issues associated with the durability of the DWPF glass waste form and the efficiency and effectiveness of the DWPF operation. Critical components of DWPF's operational efficiency and effectiveness include sludge/frit processability, melter attainment (the percentage of time DWPF's melter is pouring), melt rate, waste loading, and canister production rates. An early yet meaningful assessment of the processability of a sludge option and of the durability of the final waste form for candidate frits at various waste loadings is provided by using predictions generated by property/composition models. The models employed are the same as those used by DWPF's Product Composition Control System (PCCS), and this investigation of candidate sludge/frit glass systems may be described as a paper study whose purpose is to identify a viable frit or frits for each sludge option being contemplated. A frit is considered viable if its composition allows for economic fabrication and if, when it is combined with a sludge option under consideration, DWPF's property/composition models indicate that the combination has an operating window (a waste loading interval over which the sludge/frit glass system satisfies processability and durability constraints) that allows DWPF to meet its goals for waste loading and canister production.
The Savannah River National Laboratory (SRNL) has been asked via a technical task request (Washburn 2004 ) to provide frit development support for SB4. In response, SRNL has issued a task technical and quality assurance plan (Peeler 2004) , and it is under the auspices of that plan that this report has been prepared. The purpose of this report is to identify candidate frits and to assess their viability for the 20 options being contemplated for SB4 as provided by Lilliston (2005) . The assessments performed are strictly model-based, and no experimental work was conducted to support this task. Specifically, no experiments on melt rate were conducted for the systems explored. Although not included in the scope of this report, such experimental work is planned as part of the support for SB4 since the results from melt rate studies are a critical input to the final selection of a frit for SB4.
This report summarizes the assessments of 20 SB4 tank blending scenarios that were provided by the CBU. Candidate frits were identified based on a review of each projected sludge composition and assessed using model-based predictions to project operational windows. It should be noted that only the Nominal Stage assessment was performed. That is, given the large number of options, the Variation Stage which introduces variation around the nominal SB4 compositions in an effort to gain insight into the robustness or tolerance of a candidate frit to anticipated compositional variation was not performed.
1 The information resulting from these efforts will provide part of the technical basis for selecting the blending and/or washing strategy for SB4 processing. It should be noted that a parallel activity is being performed to address other operational issues associated with Sludge Receipt and Adjustment Tank (SRAT) / Slurry Mix Evaporator (SME) processing (e.g., H 2 generation issues and acid addition and redox control strategies). Therefore, the results from both tasks, as well as melt rate assessments, should be considered prior to formalizing a decision regarding a baseline flowsheet for SB4.
Objectives for this task are specified in Section 2.0. In Section 3.0, a brief review of the strategy or approach for developing and assessing new or existing frits is provided as well as the criteria used to make acceptability decisions. Projected SB4 nominal compositions are summarized in Section 4.0 from which the assessments will be founded. Section 5.0 summarizes the Nominal Stage, Measurement Acceptability Region (MAR) based assessments for the 20 SB4 blending scenarios. Section 6.0 provides a summary of these assessments.
OBJECTIVE
The objective of this task is to provide technical information to the DWPF from which a business decision can be made in terms of identifying candidate frit compositions for the SB4 flowsheet. The information provided in this report is solely focused on model-based projections of the PCCS operational windows for various SB4 blending strategies of interest. Experimental assessments of melt rate or SO 4 solubility are not addressed in this report but are being addressed in parallel tasks.
THE APPROACH AND CRITERIA FOR ACCEPTABILITY
To meet the programmatic objectives, the Nominal Stage assessments as proposed by Peeler and Edwards (2002) were used to assess various frit/sludge combinations. The assessment utilized nominal SB4 compositions representing potential tank blending scenarios as outlined by Lilliston (2005) . In general, this stage assessed candidate frit compositions with respect to their ability to provide a relatively large projected operating window based solely on a specific nominal composition -no sludge variation was accounted for in this phase. Assessments were made using predictions from models currently implemented in DWPF's PCCS over the waste loading (WL) interval of interest (25 -60 wt%). The primary property predictions assessed included those for liquidus temperature (T L ), viscosity (η), and durability (normalized boron release -NL [B] ).
It is recognized that the Nominal Stage assessments do not account for anticipated compositional variation. However, the compositional projections provided by Lilliston (2005) were based on various percentages of possible tanks that could represent or be included in SB4, along with different heel volumes for SB3. The selected compositions also specifically targeted upper and lower bounds for DWPF affecting elements. Therefore, the compositions do represent or provide a measure of sludge variation that provides some insight into the robustness of candidate frits with respect to compositional variation. If needed, and as the SB4 flowsheet becomes more mature (primary blending options are defined), a formal Variation Stage assessment could be performed to address this issue.
As previously mentioned, the property predictions assessed in this study included durability (Product Consistency Test [PCT] [ASTM 2002 ] response in terms of the preliminary glass dissolution estimator (∆G P ) (Jantzen et al. 1995) ), viscosity at 1150°C (η 1150°C ), T L , and Al 2 O 3 and alkali concentrations. Jantzen et al. (1995) and Brown et al. (2001) provide a more detailed discussion on the development of these models. To establish or project operational windows for sludge/frit scenarios of interest, the predicted properties must be assessed relative to established acceptance criteria. Acceptable predicted properties for this assessment were based on satisfying their respective MAR limit values. Brown, Postles, and Edwards (2002) provide a detailed discussion of how the MAR limits are utilized in PCCS.
Although the SO 4 limit for SB4 has not been established, various SO 4 limits can be used (e.g., 0.4, 0.5, and 0.6 wt% in glass) to assess if SO 4 will have a negative impact on the projected operating window. The SO 4 concentrations in glass will be calculated, but an assumed SO 4 limit will not be used to restrict the projected operating windows based on the model predictions. Given there is no MAR uncertainty associated with the SO 4 concentration, the maximum WL for each SB4 option can be determined as a function of an assumed SO 4 solubility limit based strictly on mathematics (i.e., the assumed SO 4 solubility limit divided by the SO 4 concentration in sludge times 100). For example, if the SO 4 concentration in sludge was 1.09 wt% and the assumed SO 4 solubility limit was 0.4 wt% (in glass), then the maximum WL achievable (based strictly on the SO 4 solubility limit) would be ~36.7 wt%. If the SO 4 solubility limit was 0.5 wt%, then the maximum achievable WL ((based strictly on the SO 4 solubility limit) would be 45.9%. Although one can easily calculate the maximum WL for a given SO 4 solubility limit, properties other than SO 4 solubility may restrict access to higher WLs. Therefore, a nominal SO 4 value has been added to each of the 20 options but a SO 4 solubility limit in PCCS was not activated with respect to limiting or imposing restrictions on the MAR based assessments for the initial assessments.
BASIS FOR SB4 COMPOSITIONAL SCENARIOS
Two primary inputs are required to assess the projected operating windows, the waste loading intervals and the robustness to compositional variation. The primary inputs are: sludge (or waste stream) and frit composition(s). Given the focus of this study is to develop and assess frit compositions for SB4, defining the nominal SB4 waste stream(s) is the only required input. For a given waste stream composition, one can select candidate frit compositions and ultimately assess or define glass compositional regions or operating windows based on established acceptance criteria.
Projected SB4 Compositions
Table 5-1 provides the elemental compositions (in weight percent, wt%) of the 20 options outlined by Lilliston (2005) for SB4. It should be noted that Lilliston (2005) did not report anion concentrations (in particular SO 4 which is anticipated to be relatively high in SB4). Additional information obtained from the CBU provided a technical basis for a projected SO 4 concentration (~1.09 wt% in calcined sludge solids) in SB4 based on the baseline flowsheet. Although Lilliston (2005) did not incorporate SO 4 into the 20 options, this study will utilize the nominal 1.09 wt% value (pre-normalized) in order to assess the potential impact of SO 4 solubility on the projected operating windows.
2 That is, the elemental compositions provided by Lilliston (2005) were converted to oxides by multiplying the concentrations by the appropriate gravimetric factor. The 1.09 wt% SO 4 was then added to this list of oxides. The oxide compositions were then normalized to sum to 100 wt% for each of the 20 options. The resulting normalized oxide compositions for each of the twenty sludge options are shown in Table 5 -2. It should be noted that the SO 4 concentration for each of the 20 options is not "constant" given the sum of oxide differences among the various options prior to normalization. 2 Shah et.al. (2004) provided the nominal supernate composition for SB4, which included sulfate. For this study, all of the sulfate was assumed to be soluble and the sulfate in the calcined solids was estimated to be 1.09 wt% assuming a calcine factor similar to that seen for SB4 simulant flowsheet testing. Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Candidate Frit Compositions
Based upon preliminary assessments of the SB4 compositions, six candidate frits were identified (see Table 5 -3) for consideration with each of the normalized sludge oxide compositions of Table 5 -2. The glass system formed by combining a frit candidate with a sludge option was explored at 36 different WLs, from 25 to 60% in increments of 1. Thus for the 20 SB4 options, six frit candidates, and 36 WLs, there were 4320 glass compositions generated.
A closer review of the frits listed in Table 5 -3 indicates fixed concentrations of B 2 O 3 and Li 2 O at 8 wt% with only the Na 2 O and SiO 2 concentrations varying. In general, the frit compositions increase in Na 2 O by 1% and decrease respectively in SiO 2 proceeding from Frit 418 (the most refractory frit being considered) to Frit 431. Throughout this report, this system will be referred to as a "sliding Na 2 O scale" concept which has been developed to accommodate potential Na 2 O concentration differences in the sludge as a result of varying blending and/or washing strategies being considered. 4 More specifically, frit development and selection would like to take advantage of the "cornerstone" DWPF frits (Frit 320 and Frit 418) that were developed to improve WL and/or melt rate for SB2 and SB3, respectively. A primary difference between SB2 and SB3 was the washing endpoint which resulted in a dramatic difference in Na 2 O concentrations (i.e., SB2 was considered to be an "overwashed" sludge having a much lower Na 2 O content than SB3 which was considered to be "underwashed"). Frit development efforts accommodated this shift in Na 2 O content between SB2 and SB3 by a reduction in Na 2 O content in the frit -transitioning from Frit 320 (with 12% Na 2 O) to Frit 418 (with 8% Na 2 O). This shift or "sliding Na 2 O scale" concept has proven effective for DWPF as waste throughputs for SB3 with Frit 418 have been at their highest since radioactive operations began. If possible, frit development efforts for SB4 would like to continue the use of this concept given DWPF has process history with the cornerstone frits and their use (or slight modifications to their compositions) would hopefully minimize the risk or "unknowns" of using a frit with drastically different ratios and/or new oxides. If the projected operating windows do not meet expectations (i.e., in terms of upper WL or range of WLs) with the frits listed in Table 5 -3, alternative frit compositions will be developed. However, if the "sliding Na 2 O scale" approach is successful for SB4, 5 consideration of these frits may have their advantages (if only based on lower perceived risks). 
PROJECTED OPERATING WINDOWS FOR THE SB4 BLENDING OPTIONS
Each of the 4320 glass compositions was assessed against the MAR criteria of PCCS. Table A1 in the Appendix provides a summary of the outcomes from this investigation by providing the MAR results for each sludge option/frit candidate combination. For each sludge / frit system, these results are indicated relative to WL. That is, the "Min WL" and "Max WL" columns represent the minimum and maximum WLs, respectively, which met all MAR criteria thus establishing the projected operating window. The "limited below by" and "limited above by" columns indicates the property (or properties) that limit access to lower or higher WLs, respectively. The next six columns represent the predicted durability, viscosity, and T L at the minimum and maximum WL, respectively. As previously mentioned, although a nominal SO 4 concentration of 1.09 wt% was added to each of the 20 pre-normalized compositions, an assumed SO 4 limit was not activated, therefore, no SO 4 restrictions are imposed on the projected operating windows.
Numerous comparisons can be made among the 20 SB4 blending scenarios. The authors have elected to highlight some of the more interesting comparisons within each primary classification (i.e., SB4-only, 1100 canister, and 1200 canister options). 7 Comparisons among these primary classifications will be made as warranted. Table 5 -1 provides a summary of the results for model-based MAR assessments for the SB4 Only options (Baseline, Max Al, and Min Al) with each candidate frit. Also shown in Table 5 -1 is the wt% Na 2 O for each frit. The projected operating windows in terms of upper and lower WLs that satisfy the MAR constraints for the specific sludge / frit blend as well as the property that limits access to higher WLs are also provided.
SB4-Only
8 For example, consider the Frit 418 -SB4 Only Baseline case. The projected operating window is 33 -36% WL with predictions of high viscosity (η) and liquidus temperature (T L ) limiting access to WLs of < 33% and > 37%, respectively. As the Na 2 O concentration in the frit gradually increases (transitioning from Frit 426 to Frit 320), the higher alkali content gradually reduces predictions of viscosity and T L which have a positive impact on the operating window size. For example, Frit 320 (with 12% Na 2 O) results in an operating window from 25 -40% WL with predictions of T L limiting access to higher WLs. Transitioning from Frit 320 (with 12% Na 2 O) to Frit 431 (with 13% Na 2 O) indicates no advantage in terms of the projected operating window -perhaps an advantage in terms of melt rate given the higher alkali content. Given the gradual trend of increasing upper WLs with increasing Na 2 O concentrations in the frit, the obvious question to ask is what happens if frit composition with > 13% Na 2 O are used -in terms of the projected operating window. Although not shown in Table  Table 5 -1, Frit 441, with 15% Na 2 O, was coupled with the SB4-only Baseline option and the result was an operating window from 30 -42% WL (see Table A1 ). Predictions of durability restrict access to WLs < 30% while T L limits access to WLs > 42%. Although there are potential advantages with Frit 441 (42% upper WL), the disadvantage may be the loss of robustness to compositional variation.
7 Lilliston (2005) uses the SB4-only, 1100 canister and 1200 canister options to denote the various volumes or mass of the SB3 heel to be blended with SB4. The SB4-only case assumes no SB3 heel is blended. The 1100 and 1200 canister options refer to the volume or mass of SB3 remaining after 1100 and 1200 canisters have been produced. 8 Liquidus temperature is denoted by T L and high viscosity by high η. In addition, for two of the Frit 418 -SB4-Only Baseline cases, high η also restricts access to lower WLs.
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The last column of Table 5 -1 provides the frit and maximum WL as determined by Lilliston (2005) using the limits for durability currently in DWPF's PCCS and a 20°C "offset" for the T L MAR. 9 For the assessments of this paper study, the new, proposed durability limits (Edwards et al., 2003) and the "true" T L MAR were used. Use of the new durability limits allows for consideration of frits with higher alkali content for a given sludge composition which provides access to compositional regions which have been shown to improve melt rate and/or waste loading -both critical factors in defining waste throughput for DWPF. More will be said regarding the potential impact on the frit selection process based on the use of the current versus proposed durability limits. For now it suffices to say that Lilliston identified the use of Frit 431 as a leading candidate for all three SB4-only options. The results of the MAR-based assessments agree quite well. 
Frit 431, 35.5%
The "Max Al" option is extremely interesting. Model based predictions restrict the use of Frits 418, 426, 425, and 417 -predictions of high viscosity result in no operating windows over the entire 25 -60% WL interval. However, a 1% shift in the Na 2 O content of the frit transitions from a system with no operating window (with Frit 417) to one that is not restricted over the entire 25 -60% WL interval (with Frit 320). This demonstrates the sensitivity of the PCCS model interactions to slight changes in frit composition and the need to consider robustness to compositional variation during the frit selection process.
The "red" shading in Table 5 -1 indicates that the SB4-only "Min Al" case is somewhat troubling from the paper study perspective, since it has consistently smaller windows as compared to the other options. Use of the term "troublesome" is subjective but it reflects the inability of the existing frits to obtain upper WLs of at least 40%. For the "Min Al" case, the maximum upper WL obtained is 36% with the use of Frit 431 (the highest Na 2 O containing frit at 13%). As with the SB4-Only baseline case, the use of higher alkali containing frits (Frit 441 with 15% Na 2 O) may be beneficial in terms of broadening the projected operating window. However, use of Frit 441 with the "Min Al" case results in almost complete elimination of the window as predictions of durability and low viscosity restrict the operating window to 36 -38% WL (refer to Table A1 ). It should be noted that the "Min Al" case (as it is being referred to) also has the minimum Na 2 O concentration for the three SB4-only options (see Table 5 -1). Therefore, the use of higher alkali frits to balance the Na 2 O-deficient sludge was expected to be less effective.
10 9 Yellow shading is used to highlight the "candidate" frit that was identified by Lilliston (2005) during his assessment of the various SB4 options. 10 Although not a primary focus of this report, previous assessments of preliminary SB4 compositional projections have provided insight into the impact of the Na 2 O concentration in the sludge versus that in the frit on the ability of frit development effort to compensate or retain similar projected operating windows. Preliminary assessments of SB4 compositions (referred to as Set #2 in WSRC-NB-2004-00134 with much lower Na 2 O concentrations for all 20 options) indicate that the ability of the "Na 2 O sliding scale" concept to account for or balance the alkali content was less effective when the Na 2 O concentration in the sludge was less than that in the frit. If Na 2 O Table 5 -2 provides a summary of the MAR results for the 1100 Canister Options. 11 The shading of the table provides some general insight into the frit selection process as well as the impact of the current versus proposed durability limits. Yellow shading is used to highlight the frit that was identified by Lilliston (2005) during his assessment of the various SB4 options. Green is used to highlight the frit that provides the "maximum" upper WL (with a relatively large window). Blue is used to highlight a frit / sludge combination with a relatively large operating window (albeit subjective) and that has a relatively high alkali content, which may help improve melt rate. If there is no "blue" cell in a row, then the "green" cell is considered to meet this criterion. 
1100 Canister Options
25 -52 (low η)
-49 (low η)
-46 (low η)
Frit 418, 48.0%
concentration in the sludge is greater than that in the frit, then as WL increases, the Na 2 O content in the glass increases which (in general) should reduce T L and provide access to higher WLs for T L limited systems. If the Na 2 O content in the sludge is less than that in the frit, as WL increases the glass (in general) becomes more refractory, and predictions of T L and/or high viscosity not only restrict access to higher WLs but begin to collapse the projected operating window altogether. 11 See Table A1 for more details associated with these systems. In addition, Table A1 includes the use of Frit 441 (15% Na 2 O) with all SB4 options which are not summarized in Table 5 -2.
The first general observation is the difference between Frit 418, the frit that Lilliston (2005) identified as the primary frit for each of the 1100 canister options (see "yellow" cells and last column), and the "green" or "blue" shaded cells which represent systems based on higher alkali frits which increased the projected operating window size and/or have the potential to improve melt rate. This difference is solely based on the durability limits utilized. Lilliston (2005) used the current (more conservative) limits while this assessment used those limits proposed by Edwards et al. (2003) . As previously mentioned, the proposed limits allow the use of higher alkali frits (for a given sludge composition) which have been shown to improve melt rate and/or waste loading. As an example, consider the 1100 Canister Baseline option. Lilliston (2005) suggested the use of Frit 418 while this assessment allows either the use of Frit 417 or Frit 320 (both higher alkali frits) which may improve melt rate and/or waste throughput. Assuming the historical trend between melt rate and total alkali content holds for the SB4 system, selection of a "primary" frit candidate may depend on the sludge option being considered. That is, one may elect to use Frit 320 for the 1100 Canister Baseline option, but Frit 431 for the 1100 Canister, 2 nd Transfer Baseline option. The challenge for the frit selection process will be to assess the robustness of a candidate frit to anticipated compositional changes and then use experimental melt rate data to select an optimal frit that is robust and yields high waste throughputs.
In general, the results for the 1100 canister options suggest that typical operating windows cover WLs from 25 to the mid-40%'s or low-50%'s. For most of the sludge options (all but 2 -"Min Ce" and "Min Fe"), as higher alkali frits are used, the resulting glass systems transition from being T L limited at the maximum WL to being low η limited systems. This trend was expected as higher alkali systems typically result in lower T L and lower viscosity predictions with the anticipated result being a reduction in T L which gradually allows higher WLs to be obtained up to the point where predictions of low viscosity become limiting. It is interesting to note that both T L and low viscosity limit access to higher WLs in the Frit 431 -"Max Ni" option which may be indicative of an "optimized" system for that specific blending option. In general terms, the use of the "sliding Na 2 O scale" concept does allow one to compensate or balance the Na 2 O through frit selection to maximize the projected operating windows. The desire to push the frit Na 2 O concentrations to their highest must be balanced with the Na 2 O content in the sludge. This compensation is realized in the fact that some maximum operating windows are obtained with an "intermediate" Na 2 O-based frit (e.g., the Frit 417 -1100 Can Baseline option).
Another general observation is the fact that most of the candidate frits appear to provide some measure of robustness with respect to the various sludge blending options. More specifically, consider the cornerstone frits (Frit 418 and Frit 320). These two frits provide operating windows (perhaps not optimal) for all nine SB4 1100 Canister options being considered based on model predictions. The identification of a primary frit for a specific sludge option will ultimately be based not only on the operating window size but also robustness and melt rate -two inputs not addressed in this study.
In addition to the general comparisons noted above, there are a few specific systems that should be mentioned.
Based on the model predictions, it appears that a frit change would not be required between the SB4 1100 canister baseline and the 2 nd transfer baseline. For example, Frit 320 provides identical projected operating windows for both sludge options. The "Min Al" case demonstrates the "collapse" of the "sliding Na 2 O scale" concept as one transitions from a 25 -41% WL interval with Frit 320 to the complete elimination of the operating window with a 1% increase in Na 2 O content in the frit. The difference is that Frit 431 has 1 wt% higher Na 2 O (and 1 wt% lower SiO 2 ) than Frit 320, which demonstrates the sensitivity of the PCCS model interactions to slight changes in frit composition and the need to consider robustness to compositional variation during the frit selection process.
The "Max Al" and "Max Ti" sludge options provide operating windows from 25% WL to the low-to-mid 50%'s. These options may be attractive from a paper study perspective but issues associated with melt rate need to be addressed prior to further exploring these blending options or scenarios. More specifically, the high Al 2 O 3 content of the "Max Al" could impede melt rate which may make that blending strategy less attractive. In terms of a "troublesome" sludge option, there do not appear to be any 1100 Canister blending options that meet this subjective criterion (i.e., maximum upper WL of ≤ 40% for all frits). Table 5 -3 provides a summary of the MAR results for the 1200 Canister Options. 12 The shading of the table follows the pattern used in Table 5 -2. As with the 1100 canister options, the use of the proposed durability limits allows higher alkali frits to be investigated relative to the use of the current limits. This is demonstrated by Lilliston's (2005) identifying Frit 418 as a "leading" candidate (yellow shaded cells) for all eight 1200 canister options with the current durability limits while this assessment against the proposed limits allows the use higher alkali frits for each sludge option. Based on model predictions, use of the higher alkali frits does allow higher WLs to be obtained for all 1200 canister options. A second potential advantage may be an improved melt rate given historical trends between melt rate and total alkali in the frit.
1200 Canister Options
In general, the results for the 1200 canister options suggest that typical operating windows cover WLs from 25 to the mid-40%'s or low-50%'s. For most of the sludge options (all but 2 -"Min Ce" and "Min Mg"), as higher alkali frits are used, the resulting glass systems transition from being T L limited at the maximum WL to being low η limited. Again, this trend was anticipated with the use of the "sliding Na 2 O scale" concept. As in previous assessments, as one transitions toward the more alkali-rich frits, the gradual reduction in T L allows higher WLs to be accessed until predictions of low viscosity become the limiting property.
As with the 1100 canister options, the cornerstone frits (Frit 418 and Frit 320) also show robustness as their use does result in projected operating windows (perhaps not optimal) for all eight options being considered. The challenge for the frit selection process will be to assess the robustness of a candidate frit to anticipated compositional changes and then use experimental melt rate data to select an optimal system that is robust and yields high throughputs.
In addition to the general comparisons noted above, there are a few specific systems in the 1200 canister options that should be mentioned or discussed.
Based on the model predictions, it appears that a frit change would not be required between the SB4 1200 canister baseline and the 2 nd transfer baseline. The "Min Al" case demonstrates the "collapse" of the "sliding Na 2 O scale" concept as one transitions from a 25 -42% WL interval with Frit 320 to almost complete elimination of the operating window (35 -39% WL) with a 1% increase in Na 2 O content in the frit (Frit 431). Again, this highlights the sensitivity of the PCCS model interactions to slight changes in frit composition and the need to consider robustness to compositional variation during the frit selection process. The "Max Al" and "Max Mg" sludge options provide operating windows from 25% WL to the low-to-mid 50%'s. These options may be attractive from a paper study perspective, but 12 See Table A1 for more details associated with these systems. In addition, Table A1 includes the use of Frit 441 (15% Na 2 O) with all SB4 options which are not summarized in Table 5-3. issues associated with melt rate need to be addressed prior to these blending options or scenarios being explored further. More specifically, the high Al 2 O 3 content of the "Max Al" could impede melt rate which may make that blending strategy less attractive. In terms of a "troublesome" sludge option, there does not appear to be any 1200 Canister blending option that meets this subjective criterion (i.e., maximum upper WL of ≤ 40% for all frits). That is, a frit can be selected for each option to provide a relatively large operating window that has an upper WLs that exceeds the 40% mark. 
-48 (low η)
Frit 418, 48.8%
Impact of the SO 4 Solubility Limit
The projected operational windows shown in Table 5-1 through Table 5 -3 were based on MAR assessments of the predicted properties. As previously noted, a SO 4 solubility limit was not activated for this assessment and therefore did not or could not restrict or influence the projected operating windows. Previous SO 4 solubility limits (in glass) have been set at 0.4 wt% (for SB1 and SB2) and 0.6 wt% (for SB3). The 0.6 wt% limit was specifically established for the Frit 418 -SB3 system ) and may not be applicable for the SB4 system. A program is currently in progress to set the SO 4 solubility limit for SB4, which is highly dependent upon the overall glass composition (sludge composition, frit selection, and WL all play a role). Table 5 -4 provides guidance on the impact of the SO 4 solubility limit on projected operating windows for SB4. In this table, the SO 4 limit is varied from 0.4 to 0.6 wt% (in 0.1% increments) and the maximum WL that could be obtained (based solely on the assumed SO 4 limit) is calculated based on the nominal SO 4 content in sludge. For example, consider the SB4-only Baseline option where the normalized SO 4 concentration in sludge is 1.098 wt% (see Table 4 -2). If the SO 4 solubility limit were set at 0.4 wt% (in glass), a maximum WL of 36.4% would be achievable (i.e., 0.4 / 1.098 * 100 = 36.4%) at which higher WLs would exceed the 0.4 wt% limit. Comparing this upper WL to those projected in Table 5-1 through Table 5 -3, the 0.4 wt% SO 4 limit would further restrict the projected operating windows for almost all frit/sludge combinations. Table 5 -5 summarizes the impact of the SO 4 solubility limit on the 1100 canister baseline option. The first column (labeled SO 4 ) indicates the assumed SO 4 limit (either "not activated", 0.4, 0.5, or 0.6). When the SO 4 limit is "not activated", the projected operating windows are identical to those shown in Table 5 -2 (typical WL intervals from 25 -mid-40%'s). When a 0.4 wt% SO 4 limit is imposed in PCCS, the impact is significant as SO 4 becomes the upper WL limiting property for this option (i.e., regardless of the frit selection, the maximum WLs would be limited to 36%). Imposing a 0.5 or 0.6 wt% SO 4 limit in PCCS does not limit the projected windows for the 1100 canister baseline option (these systems remain either T L or low viscosity limited -the one exception is the Frit 417, 1100 Canister Baseline option with a 0.5 wt% SO 4 limit). For this system, the projected operating window remains the same (relative to the "not activated" case) but now both T L and SO 4 are limiting properties at 46% WL. Although the impact of the various SO 4 solubility limits is not summarized in tabular form for all 20 options, the most significant impact would be the imposition of a 0.4 wt% limit. This would have a significant (negative) impact on the projected operating windows for almost all sludge options being considered -limiting upper WLs to 36% or less. The 0.5 wt% limit (coupled with the nominal SO 4 concentrations assumed in the sludge) becomes a limiting factor at ~45% WL. Most of the operating windows would not be impacted with the 0.5 wt% SO 4 limit. The exceptions include the 1100 Canister "Max Al" and "Max Ti" options and the 1200 canister "Max Al" and "Max Mg" options. Upper WLs for these blending options with the SO 4 limit deactivated exceed the 45% WL mark.
Obviously the least imposing SO 4 limit or constraint would be the 0.6 wt% case -which would allow projected operating windows to exceed ~54% WL prior to SO 4 becoming a limiting factor based on the nominal SO 4 values used. With the exception of the "Max Al" cases for all three primary classifications (SB4-only, 1100 canister, and 1200 canister), the 0.6 wt% SO 4 limit would not restrict projected operating windows. For the cases for which a 0.6 wt% limit would restrict the model-based upper WL, it is unlikely that DWPF would process SB4 at WLs this high (> 54%) given the dependence or interaction between melt rate and WL and the impact on waste throughput.
Frittability of Candidate Frits
One factor to be considered during frit selection is the ability to manufacture or produce the desired frit composition. Based on the six candidate frits being evaluated, there are no primary concerns associated with the fabrication potential. The most refractory frit utilized in this assessment of SB4 options was Frit 418, which has been manufactured by a vendor and used to support the processing of SB3.
Impact of Washing
Selecting among alternative washing scenarios for the HLW that is to comprise SB4 may be one of the challenging decisions facing the CBU as it develops the integrated flowsheet. Technical issues associated with the consideration of less washing include SO 4 solubility, Chemical Process Cell (CPC) processing (including rheology, acid addition strategies, H 2 generation, and nitrate/nitrite destruction), and the ability to counter the increased Na 2 O concentration in sludge versus that in frit. These technical issues must be balanced with the fact that the ability to transfer a less washed sludge also has beneficial impacts to the tank farm system and evaporators (less water being transferred). To provide some feedback to CBU on the impact of going to less-washed scenarios for the 20 cases outlined in this report, additional SB4 options were developed and evaluated as part of this study. Specifically, for each of the 20 cases provided by Lilliston (2005) , a "1 less-washed" case was considered using the assumption that if a sludge is washed one less time its elemental Na concentration would increase by 2 wt% -all other components being renormalized. 13 More specifically, the elemental Na concentration was increased by 2%, then the elemental compositions were converted to oxides by multiplying the concentrations by the appropriate gravimetric factor. Since SO 4 is a component that is specifically impacted by washing and has the potential to impact waste loading, an adjusted SO 4 level was used for the one less wash case. A 1.14 wt% SO 4 was added to each sludge option and the compositions were normalized.
14 This led to the 1 lesswashed sludge compositions listed in Table 5 -6. It is noted that the 20 options provided by Lilliston (2005) were based on different tank blending strategies and did not include various washing scenarios. 13 The assumptions used to develop the "1-less" wash cases are known not to fully represent the actual compositional impacts due to washing (i.e., the concentrations of other oxides besides Na 2 O will be affected). However, the compositional information supplied by Lilliston (2005) was based on a nominal wash endpoint. Based on the results of the MAR assessments, the use of the "Na 2 O sliding scale" concept does provide the opportunity to assess the impact of less washing. That is, as the sludge becomes more Na 2 O -rich, one would expect the use of more refractory frits (i.e., those containing less Na 2 O). 14 Based on personnel communication with J.M. Gillam, the SO 4 value for a "1 less washed" scenario was projected to be 1.14 wt% (compared to the "baseline" wash with a 1.09 wt% SO 4 value). Therefore, not only did the Na 2 O concentration change for the "1 less washed" sludges but the SO 4 value as well. This number reflects a change in SO 4 supernate from 0.0220 to 0.0235 M, with the respective insoluble solids and supernate density changes. Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0#3
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As an example of the impact of less washing on the composition of a sludge option, consider the SB4 Only Baseline case. Based on the nominal wash endpoint, this case had 19.996 wt% Na 2 O on a normalized basis (see Table 5 -1). The "1 less-washed" case has 22.101 wt% Na 2 O concentration on a normalized basis. Given the higher Na 2 O concentrations in these "less washed" cases, the expectation is that frits with less Na 2 O must be used to "compensate" for the increased Na 2 O concentration in sludge in order to retain projected operating windows. These "less-washed" options for the 20 SB4 cases were combined with the 6 frits listed in Table  4 -3 and MAR assessments were performed. It should be noted that the SO 4 concentrations in glass were used in the model-based assessments but a SO 4 solubility limit was not activated in determining the projected operating windows. As previously demonstrated, the impact of the SO 4 solubility limit can be significant. Table A2 in the Appendix provides a summary of the MAR results for the 1 less-washed case for the 20 SB4 options. Tables 5-7 , 5-8, and 5-9 summarize the projected operating windows for the "1 less washed" SB4-only, 1100 canister, and 1200 canister cases, respectively. 
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In general (and compared to the nominal sludge options previously discussed), the results suggest that as sludge becomes "enriched" in Na 2 O (i.e., as less-washed versions of these sludge options are considered) there is less dependency on higher alkali frits to yield glass systems with attractive operating windows. More specifically, coupling high alkali frits with the higher alkali sludges typically results in predictions of low viscosity or durability either dramatically reducing the operating window size or completely eliminating the window. Consider the 1100 canister baseline options with Frit 320 and Frit 431. For the nominal wash scenario, both frits yield relatively large operating windows of 25 -44% and 27 -41%, respectively (see Table 5 -2). When the "1 less washed" 1100 canister baseline option is utilized, the model based predictions restrict the use of Frit 431 (i.e., no operating window due to predictions of low viscosity and/or durability) and show a negative impact when Frit 320 is considered (reduces the upper WL to 41% down from 44%). Again, this needed shift (reduction) in the frit Na 2 O content to compensate for the higher Na 2 O content in the sludge was expected and conforms to the use of the "sliding Na 2 O scale" concept.
Although the use of higher alkali frits is somewhat limited when considering the "less washed" sludge options, the projected operating windows for the more refractory frits appear to be enhanced relative to the nominal wash cases. Again, consider the 1100 canister baseline option coupled with Frit 418, Frit 426, Frit 425, and Frit 417. Table 5 -10 summarizes the projected operating windows for the 1100 canister baseline nominal and "1 less washed" cases. The results indicate that the projected operating windows are enhanced with the use of the "less washed" sludge for each frit. This observation is in-line with preliminary assessments which indicated that the ability of the "sliding Na 2 O scale" concept to account for or balance the alkali content was less effective for sludges containing less Na 2 O. The hypothesis is based on the need to have more Na 2 O in the sludge than in the frit. If there is more Na 2 O in the sludge than in the frit, then as WL increases, the Na 2 O content in the glass increases which (in general) should reduce T L and provide access to higher WLs for T L -limited systems. If the Na 2 O content in the sludge is less than that in the frit, as WL increases, the glass (in general) becomes more refractory, and predictions of T L and/or high viscosity not only restrict access to higher WLs but begin to collapse the projected operating window altogether. 
Again, numerous comparisons can be made between the nominal and "less washed" SB4 options. Although the reader is encouraged to draw conclusions between or among various systems, the general results of the "washing" assessment suggest that frits are available that provide relatively large operating windows for the "less washed" cases. In fact, there appears to be some advantage of having more Na 2 O in the sludge with respect to the ability of the existing frits to enhance the projected operating windows. These latter two statements are based solely on model-predictions and do not account for the potential impacts of SO 4 solubility issues, melt rate, and/or CPC processing issues that may necessitate a more-washed sludge.
SUMMARY
The model-based assessments of nominal Sludge Batch 4 (SB4) compositions suggest that a viable frit candidate does not appear to be a limiting factor as the Closure Business Unit (CBU) considers various tank blending options and/or washing strategies. This statement is based solely on the projected operating windows derived from model predictions and does not include assessments of SO 4 solubility or melt rate issues. The viable frit candidates covered a range of Na 2 O concentrations (from 8% to 13%) using a "sliding Na 2 O scale" concept (i.e., 1% increase in Na 2 O being balanced by a 1% reduction in SiO 2 ), which effectively balanced the alkali content of the incoming sludge with that in the frit to maintain and/or increase the projected operating window size while potentially leading to improved melt rate and/or waste loadings. This strategy or approach allows alternative tank blending strategies and/or different washing scenarios to be considered and accounted for in an effective manner without wholesale changes to the frit composition.
In terms of projected operating windows, in general, the sludge / frit systems evaluated resulted in waste loading intervals from 25 to the mid-40%'s or even the mid-50%'s. The results suggest that a single frit could be selected for use with all 20 options which indicates some degree of frit robustness with respect to sludge compositional variation. In fact, use of Frit 418 or Frit 320 (the "cornerstone" frits given previous processing experience in the Defense Waste Processing Facility (DWPF)) are plausible for most (if not all) options being considered.
However, the frit selection process also needs to consider potential processing issues such as melt rate. Based on historical trends between melt rate and total alkali content, one may elect to use the frit with the highest alkali content that still yields an acceptable operating window. However, other constraints may restrict access to higher waste loading or the proposed blending option being considered (e.g., sulfate content of the high-level waste and/or Chemical Processing Cell (CPC) issues may necessitate a more-washed sludge).
Although various washing scenarios were not provided by Lilliston (2005) , projected alternative washing scenarios for the 20 nominal options were developed using very basic or rudimentary assumptions. Specifically, for each of the 20 cases provided, a 1 "less-washed" case was developed using the assumption that if a sludge is washed one less time its elemental Na concentration would increase by 2 wt% -all other components being renormalized. The results of this assessment demonstrated the practicality of imposing or using the "sliding Na 2 O scale" concept. As the sludge compositions become more Na 2 O-rich, adjustments to Na 2 O concentrations in frit can be made to accommodate the impact of "less washing" while retaining relatively large projected operating windows. Although these model-based assessments indicate the ability to accommodate "less washed" sludges, technical issues associated with SO 4 solubility and CPC processing (including rheology, acid addition strategies, H 2 generation, and nitrate/nitrite destruction) must be addressed. If no technical show-stoppers are identified, then a business decision regarding the ability to transfer a less-washed sludge to DWPF must be made in light of the potential beneficial impacts to the tank farm system and evaporators (less water being sent).
Based on the results of this assessment, use of the new durability limits do allow the possible use of higher alkali frits for a given sludge system. This is reflected in the fact the assessments performed by Lilliston and Shah (2004) suggest that more refractory frits (lower Na 2 O content) would be the primary candidates for most SB4 options being considered. Their assessments were based on the use of the existing (more conservative) durability limits which restrict assess to higher alkali-based systems. With the use of the proposed durability limits by Edwards et al. (2003) , access to higher alkali systems is 24 
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